As the cost and complexity of constructing a semiconductor fabrication facility increases, responsive tools are needed for designing and planning its operations. Discrete-event simulation paired with design of experiments is an effective combination. This article demonstrates how simulation in combination with design of experiments is used to compare the intrabay layout of two automated material handling systems. The difference in stocker robot utilization, number of vehicle moves per hour, and average delivery time for the two intrabay layouts will be compared using a fractional factorial experimental design. The study demonstrates that the distributed storage option is preferable for maximizing manufacturing performance. Although the scope of this effort was restricted to a single situation, the solution procedure has general applicability as a tutorial for practitioners.
Introduction
One of the key components in designing a semiconductor fabrication facility is defining the layout and operation of the automated material handling system (AMHS). As the semiconductor industry moves towards 300mm manufacturing, design of the AMHS is significant since not only will interbay movements be automated, but due to the size and weight of the wafer cassettes, intrabay movements will also be automated. Having the AMHS be the bottleneck of the factory's production is unacceptable if high throughput and low cycle times are desired. Appropriate analysis techniques and tools are needed to carefully explore and plan the operation of an AMHS [1] . G.T. Mackulak and P. Savory (2002) , "A Simulation Based Experiment For Comparing AMHS Performance In A Semiconductor Fabrication Facility," IEEE Transactions on Semiconductor Manufacturing. Volume 14, No. 3, pp. 273-280.
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Discrete-event simulation has become one of the most important operations research techniques for analyzing a manufacturing system [2] . It's uses range from comparing alternative system designs to answering capacity and feasibility questions. In comparison, experimental design is an approach for systematically comparing a set of scenarios and testing the statistical significance between their results. An effective combination is to create a discrete-event simulation model of a system and then use experimental design to compare the results from running the model under varying conditions. The resulting analysis will provide decision makers with insight into the options available and the impact of each on production.
The remaining sections of this paper demonstrate using discrete-event simulation with experimental design for comparing two AMHS systems. The difference in stocker robot utilization, number of vehicle moves per hour, and average delivery time for two different intrabay layouts, distributed storage versus central storage, on an AMHS delivery system will be compared. Section 2 describes the two intrabay layouts. Section 3 outlines the experimental design. Section 4 discusses the simulation model development and output analysis. Section 5 presents the results for the distributed storage system. Section 6 discusses the results for the central storage system. Section 7 summarizes the analysis, compares the two intrabay layouts, and offers some concluding remarks.
Intrabay Layouts
The two intrabay layout configurations are presented in Figure 1 . The length of the bays were initially 100 feet. This is in accordance with the recommendations of the International 300mm Initiative [3] . The total length of the bays for the central storage system was modified to be 120 feet as a result of inline rotating devices being added to the layout. The initial number of G.T. Mackulak and P. Savory (2002) , "A Simulation Based Experiment For Comparing AMHS Performance In A Semiconductor Fabrication Facility," IEEE Transactions on Semiconductor Manufacturing. Volume 14, No. 3, pp. 273-280.
-3 -tools for the distributed storage system is 20 (10 on each side of bay), and 40 for the central storage system (20 in each bay). During the experimental analysis, when the number of tools is increased, the bay length is proportionally increased. In the distributed system (Figure 1a ), one stocker serves one intrabay of tools, while in the central storage system (Figure 1b ), one stocker serves both bays of tools in the intrabay. The distributed storage system uses one stocker per intrabay. In comparison, the central storage system requires only one stocker for multiple bays (this study uses one stocker per two bays). Furthermore, the distributed layout is such that the bays are connected at certain points so that product can transfer from one bay to the next without having to go through the stocker-interbay interface point.
< Figure 1 Approximately Here >
A robot cycle is defined as the movement of the robot from its existing unloaded position to the point of pickup, the loading of the item, and the subsequent delivery of the item to its destination. The reverse set of operations would also constitute a robot cycle. Figure 2 highlights the four move types which are considered single robot cycles: (1) Movement from the interbay system input point to the stocker shelf; (2) Movement from the stocker shelf to the intrabay system pickup point; (3) Movement from the intrabay system drop-off point back to the stocker shelf, and (4) Movement from the stocker shelf back to the interbay pickup point.
< Figure 2 Approximately Here >
The number of robot cycles per move is a function of the number of bays supplied by a single stocker. Obviously the robot stocker cycle time has an impact on the maximum number of bays that can be handled by a single stocker since robot utilization will eventually become the system limiting factor. G.T. Mackulak and P. Savory (2002) , "A Simulation Based Experiment For Comparing AMHS Performance In A Semiconductor Fabrication Facility," IEEE Transactions on Semiconductor Manufacturing. Volume 14, No. 3, pp. 273-280.
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Assuming that product can go directly from bay one to bay two in the central storage system eliminates half of these robot move cycles. If we assume that tool storage is currently not available, we still save two robot cycles per movement by using the central storage system since the moves in and out of the interbay system (between bays) are eliminated. Regular operation in the distributed system requires all four robot moves. The difference in the centralized storage layout is that robot moves 3 and 4 are not needed since the lot is traveling to the next bay on the same vehicle (i.e., the required robot moves are reduced to 50% compared to regular operation).
If storage is not available at the next tool location, the product will need to return and be stored in the stocker.
Experimental Design
The goal of this study is to determine the number of vehicles moves, stocker utilization, and the average delivery times for the two different layouts. The average delivery time will be the key measure for determining AMHS performance. Delivery time is defined to begin when the lot in a stocker makes the request for a transporter and ends only when it has been transported and delivered to its destination (i.e., the next station in its visitation sequence). Stocker utilization is defined as the average load of the stockers over the total capacity. In order to avoid having to use alternative stockers, a 0.6 -0.7 load/capacity ratio is assumed. Finally, it is assumed that the lot arrival rate remains constant.
To determine the functional differences between the central and distributed storage systems, it is necessary to define a set of varying conditions under which the simulation model will be run. The first task to accomplish this involves identifying those factors that are believed to impact the delivery time profiles of both system. Following a review of industry practices and With the identification of the important factors, it is next necessary to develop a suitable range for each. The ranges are based on the guidelines outlined by the International 300mm
Initiative [3] . The five experimental factors and the range of parameter values are summarized in Table 1 .
< Table 1 Approximately Here > Next, it is necessary to determine an efficient experimental design for investigating the effects of the factors for each of the two systems. Since one of the objectives of the study is to determine which of the five parameters significantly contributes to the resulting delivery time performance in each system, it is assumed that a one-quarter fraction of a five-factor factorial experiment will be suitable for the investigation of both storage system strategies [4] . The 2 5-2 resolution III design requires eight simulation replications for each scenario and returns a detailed estimation of the main system effects. Unfortunately, since this experimental design results in the aliasing of two-factor interactions with main effects and other two-factor interactions, the results of the initial experiments will not be suitable for the estimation of all interactions between parameters [4] . However, it is hypothesized that only a subgroup of the five factors will be revealed as being significant to the performance of either system. 
Simulation Model Development and Output Analysis
Models for both of the bay layouts were built using proprietary AutoMod simulation models of a major AMHS vendor. Using these models, which are near 100% emulators of the Table 6 . The significant effects are chosen for inclusion in the regression models based on the estimates calculated for each response variable in addition to the corresponding half normal plots ( Figure 4) . As in the case of the distributed storage system, the vehicle speed and number of tools in the bay are found to be the significant effects in regard to the average delivery time response. Unlike the distributed storage system, the significant effects determined for the robot utilization response includes not only the tool process time but also the stocker cycle time and the number of tools in the bay.
< Table 6 Approximately Here >
The results of the analysis of variance and t-tests of the model coefficients conducted for each of the three models chosen for the corresponding system responses are presented in Tables 7 -9. All three models require the use of an appropriate transform on the response variable in order to either treat curvature in the underlying system or eliminate the existence of inequality of variance in the residuals [4] . 
Concluding Remarks
The goal of this study was to present a simulation-based methodology for estimating semiconductor AMHS performance and secondly to quantify performance differences between distributed and centralized stocker layouts. The study uses a combination of alternative layout designs and design of experiment techniques to identify the factors that significantly impact average delivery time and continues by illustrating how this information can be used to infer system performance. The methodology is useful as a template for anyone attempting to perform a comparison of a semiconductor material handling system. In addition, the specific results for the modeled scenario offers insight and general guidelines for layout design.
Comparisons in this study were made over a realistic ranges of selected system factors (Table 1) , which included queue space at I/O ports, tool processing time, AMHS vehicle speed, stocker robot cycle time, and tools in the bay. The simulation analysis was performed using a sophisticated and significantly detailed AMHS simulation model. Although there is an infinite number of possible factors that could have been altered, the five used in this study are the most significant and/or visible in most material handling studies. These five are also the factors that can have a major impact on the philosophy of the handling system design and final system cost.
The comparisons of this study were to explore whether centralized storage is preferable to distributed storage in terms of selected quantifiable performance metrics. We purposely did not perform a cost analysis since the costing of these systems has a high degree of variability depending on customer, volume, past purchase agreements, and specialized interface requirements. Our hope is that the presented analysis will provide incentives for others to further investigate performance differences of these approaches. Unfortunately, equipment vendors are G.T. Mackulak and P. Savory (2002) , "A Simulation Based Experiment For Comparing AMHS Performance In A Semiconductor Fabrication Facility," IEEE Transactions on Semiconductor Manufacturing. Volume 14, No. 3, pp. 273-280.
-12 -unlikely to share proprietary factors and costing information with an independent third party for such a comprehensive comparison to be conducted.
The conclusion of this study is that the average delivery time produced for the distributed system is strictly less than the value produced by the centralized system. This conclusion holds in spite of the fact that the centralized system requires significantly fewer robot cycles per move on the average. One must therefore conclude that although the robot cycles needed to move product are reduced, the impact of greater distances offset this advantage. In all cases, increasing vehicle speed improves performance, but not to the extent one might expect. For example, doubling vehicle speed did not significantly reduce delivery time. Common assumptions regarding vehicle speed tend to be opposite of this result. It is commonly assumed that performance is near linearly related to vehicle speed, while in actuality, blockage and routing play larger roles.
Comparing Figure 5 with Figure 8 shows that average delivery time is slightly higher for the central storage system. The delivery time for the distributed storage system varies from a low of 3.07 minutes to a high of 4.84 minutes. In comparison, the delivery times for the central storage system range from a low of 3.21 minutes to a high of 4.98 minutes. This difference, at the extremes, translates to about an average of eight seconds per move. Eight seconds a move may appear to be small, but if one considers that a typical semiconductor facility may require 500 moves per hour, the impact translates to a savings of one to two vehicles, given certain availability and utilization assumptions. -13 -0.384 (when tool process time is at the low level). For the central storage scheme, robot utilization varies from a low of 0.17 (when the tool process time is at the high level, the stocker cycle time is at the low level, and the number of tools in the bay is at the low level) to a high of 0.52 (when tool process time is at the low level, the stocker cycle time is at the high level, and the number of tools in the bay is at the high level). Again, this study did not consider the sizing of the stockers which may further favor the distributed system. If the centralized stocker requires more storage locations because of the two bay service zone, the average robot cycle time will probably also increase, further increasing the centralized systems average delivery time.
However, if cost is considered, the centralized stocker may have the advantage of using a single robot and subsequent lower cost.
The number of vehicles moves per hour can be compared with Figure 7 and Figure 10 . -14 -not be true for all systems since it depends on the performance values of the factors and the physical layout of the system. Although the scope of this effort was restricted to a two-bay problem, the solution procedure of combining discrete-event simulation with experimental design has general applicability to practitioners.
One must remember that simulation is non-optimizing, it only estimates the effects of a given operation policy. As such, there are two statistical problems associated with simulation studies: (1) the strategic problems concerned with the design of a set of experiments, and (2) the difficulties concerned with how each experiment is conducted. As we have demonstrated, if one combines discrete-event simulation with the techniques and tools of design of experiments, a practitioner can systematically simulate the impact of varying conditions on a system and correctly compare the results. Table 3   Table 4 Table 5 Table 7   Table 8   Table 9 Paper: "A Simulation Based Experiment for Comparing AMHS Performance in a Semiconductor Fabrication Facility" 
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